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TRENDS IN PHASED ARRAY DEVELOPHMENT

ALLAN C. SCHELL

Electromagnetic Sciences Division
c Rome Air Development Center
Hanscom Air Force Base, MA

In the past fitteen years several outstanding phased arrays
have been brought 1into operation for detfense applications. The
Aegis, Firefinger, Patriot, and PAVE PAWS systems are illustrative
of successful designs. Phased arrays offer near-instantaneous beam
steering, real time pattern control, r.f. power conservation with
beam agility, and reliability through redundancy and graceful deg-
radation, Yet, the evolution of phased arravs has been a painfully
slow process., The impact of phased array technology on radar and
communications antennas has been minor in comparison to the impact
ot solid state technology on the other major subsystem, the signal
processor.

The gverriding reason taor this slow introduction s cost.,
There 1s no commercial market to warrant the economies ot scale.
Hoped-for trends ot price reduction of phase shifters have not
occurred. And phased arrays have limited rather than expanded the

potential for wideband or multiband operation.

The arrays discussed at the 1970 Phased Arrays Symposium were
the forerunners of two categories of antennas. First are the large
specralized arrays such as the SPADATS array at Eglin AFB, florida,
and the HAPDAR array at Wnite Sands Missile Test Range, These
one-o0f-a-kind antennas were constructed for wunigue missicns, ard
the associated proyrams could not take advantage of mass production
economies. The second cateyory was typified by the TPN-19 and the
SPS-48 arravs, which were put into production, Results 1n this
area were mixed.,

More recently there have been major successes in the fielding
of phased arrays. The Firefinder seriyes 1llustrates the potential
of thick film circritry and automated fabrication for cost reduc-
tion. The eler.ronically agile radar (EAR) antenna and the Aegis
array have me. their performance goals. Tne FPS 117 radar with
elevation plane electronic beam control and the PAVE PAWS phased
» arrays 3re examples of the success of conservative approaches with

Iong desiygn historias, Nonetheless, these are expensive systems.
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It may be regarded as a myth that the cost uf phased arrays can
be lowered to the point that these antennas are widely used, Per-
haps an analogy 1is that of the jet ftighter eaircratt. For years
concern has been voiced over the escalating cost of fighters. The
desirea performance for each new model drove the price upward,
although the curve has leveled somewhat. Yet, despite the impreca-
tions, new planes are designed and assembled to meet the threat ot
potential adversaries with upgraded equipmint,

The economics of phased darrays are apparent trom a simple
example. A conformal array operating at S-band and covering &'x4('
0f¢ an aircraft fuselage would have 10,000 elements, If the element

module cost were $1000 each, the array face would total $10M - not
a miacr expense, but within the range of possibility. But the
array is far from complete. The power distribution internal to the

array face, the beam steering and calibration logic, and the radome
are but tnree of several essential subsystems to be added. I[f, as
has been recent experience, the cost per element were closer to
$10,u000, then the phased array tis clearly not going to be the
design choice.

The traditional path of per-element wmoduvlar design has yieldeda
some impressive results when viewed 1n context with fixed array anag
reflactor alternatives. This approach is especially applicable to
lower frequency operation [(UHF to L-band), and some early attempts
at application to X-band and nigher trequency equipment were fail-
ures.

The per-element mocular design appears to have several short-
comings. First and foremost, this approach 1s costly because 1t

requires fabricatiny and installing elements individuaily. An
analogy is the early days of transistor circuits, with the wiriny
of one transistor at a time into a circuit board. Integration at

small and medium scales, with the attendant tabrication techniques,
revolutionized the <capabilities of circuitry and drastically
reduced the per-gate cost of logic.

Second, the per-element modular approach inhidpits the inter-
connection of elements for specialized applications or radiation
patterns., Obvious examples are subarraying ftor limited scan or
fixed elevation pattern shaping., It may be adequate 1n many appli-
cations to group and control several elements as a unit, theireby
reducing the number of modules by a substantial tactor,

Third, this approach, because 1t isolates the functional
operation of an element from 1ts neighbors, cannot accommodate
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variations among elements. tach element should appear identical to
its neighbors, and corrections, calibrations, or compensations for
errors must come from a complex centralized subsystem overlaid on
the array. Lonseguently, designs tend towards rigid mechanical
structures, near-pertect element patterns, and tightly controlled
manufacturing tnlerances of teed networks.

The per-element modular approach is one in which the signal and
control paths are developed longitudinally, perpendicular to the
array face. There is a minimum of intentional cross coupling among
elements. A signal finds its way from the element to the output on
a single path without diffusing throughout the network,

Yet 1t 1s the propagation of signals transverse to the face
that may hold a key to improved solutions to phased array construc-
tion and operation. Rather than a collection of near-identical
elements and paths with an external centralized control, an array
can be envisioned that would nave elements interconnected with its
neighbors, and limited capabiiity for control of its operation at
the array face. Behind tnhis level would be a layer with greater
logical control, leading to the desired output level, All elements
need not be functionally 1identical 1in the array; some might be
selected for <calibration, or wused to generate spoofing signals
while appearing as "thinned" elements 1in the main signal mode,.
This array is logically tormed of transverse layers. At the array
tace, clusters ot elements carry out simple functions of caitbra-
tion and subarraying. Successive layers perform increasingly com-
ptex logical functions, leading to the combination not only of
siygnals but of functional operations.

The techniques of photolithography are appropriate to the
fabrication of a transversely-developed array. Today there s
extensive wuse of 1lithoygraphy 1in the manufacture of shaped-beanm
subarrays of dipoles. The incorporation of active elements adds a
dimension of complexity that is not wuncommon today 1in advanced

microwave Lircuit assembliy,

For the lower microwave trequency bands, the scale of assemb-
lies is such that specializecd equipment will be reguired for
precision construction of complex active r-f networks. Active
elements and contrel devices would occupy a small percentage of the
area of the face. New manuracturing techniques are needed to
incorporate magnetic or eleclroacoustic contirol devices into the
array. The introduction of versatile manufacturing capability will
be a decided competitive advantage tor tuture large scale produc-
tion,
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At the higher microwave trequency bands, photolithography may
be the key to the construction of high performance arrays. Although
the scale is not near that associated with large scale integration
of logic circuits, the assembly of amplifiers, phase shifters, cor-
relators and associated r-f components within the 0.5cm"area avail-
able for 44 GHz elements is a challenge, New methods for achieving
isolation between components will be neecded.

The issue of heat generation is a central topic 1n the 1incorpo-
ration of active elements. Considerable progress has been made 1in
raising the efficiency of microwave amplifiers, and more can be
expected. The improvement in active device performance that results
from low temperature operation could lead to the use of cryogenic
devices, Small millimeter wave arrays might come to resemblie infra-
red sensors, but with the added advantage of coherent operations
such as adaptive nulling.

Antennas of this type are integrated antennas. There 1s an
integration of the radiators and r-f networks. There 1s an inte-
gration of the signal path and the logic c¢i~;uitry through the
incorporation of active and control devices. The lithographic
manufacture of the entire assembly on a substrate is the means
of realizing the antenna. The techniques of computer-aided design
and manufacture are essential; no hand tailoring or assembly is the
goal., These techniques have served the logic industry well, and
appropriate versions can do the same for microwdve dand miliimeter
wave technology.

An aspect of phased arrays that will receive grviter attention
in the future is reliability, and in particular, element avail-
ability. In the early days of phased arrays, the ability of an
array to continue to function with some ingperable elements was
cited as the advantage of "graceful degradation.” In the interven-
ing years, the requirements associated with clutter reduction and
ECCM nave led to specifications for very low sidelobes. The loss
of operating elements in an array leads to higher sidelobes, and 1in
some instances there is no longer latitude within the performance
envelope for the "gracetul degradation" that can be expected from
the loss of several elements durinc the typical maintenance cycle.
This leads to design choices that minimize the etfect of module
failure. For example, an array of fixed subarrays in the azimuth
plane and active modules in the elevation plane will be able to
maintain low azimuth sidelobes in the event of module failures,
versus the case of fixed elevation plane subarrays and active
azimuth modules.

Simple geometrical choices will not address the problem of
reliability for 1integrated antennas. Low yields tor the active
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devices will ledd to wunacceptably high amounts of circuit repair
and replacement durinyg manutacture. Inhomoyeneities and uneven
depousitions wirll cause unwanted variability in path gains and
losses throughout the feed circuitty. Careful choices of materials
and dimensions are essential to avoid the effects of migration and
breakdown.
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An option tor the increase in reliability 1s the 1incorporation
] of built-in test and self-repair circuitry. Logic circuits imbedded
in the array tace can sense changes in operation, alter and cali-
brate the appropriate transmission paths, and adjust excitation
weights for optimum wpertormance, based on knowledye of the operat-

ing environmer’ .
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yne of the 1imitations of phased arrdys is the restriction
imposed on the treguency ranyges ot operation by the array face
yeometry and the feed, Inte,rated antennas offer the potential for
1ncreased operating bandwidth, Amplifiers close to the radiating
elements can minimize internal reflections, and transversal filters

¢an be constructed 1n signal paths to compensate ror varying ampli- b:
tude and phase, Uf greater interest is the use of specialized

radiating structures which couple constructively to simulate larger by

elements at lower frequencies, decoupling at the higher bands to L

become a yreater number of smaller radiators. 5:
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The development of integrated antennas is in its infancy. i

There are a host ot probliems neediny creative solutions, Among the A

electromaygnetic tonice inhibiting effective operation are the e

propagation of surtace waves a4across the substrate and the radiation .
and coupling ot feed lines on the array face,

Inteyrated antennas can be constructed in versions that convert 'y
the r-f siygnals to digital form, There is a basic compatibility ﬁ
with the digital world that permits the introduction of processing "
close to the array tace. This incorporation of digital beamforming .
can otfer consyderable tlexibility in operation. [n the future,

integrated antenna technoloyy will merge with computer technology
in the areas of design, materials, and manufacture to produce a
continuous and consistent signal path from free space to the output
terminal or display. As in visual cortex, si¢iuls from input radia-
tion will receilve increasing amounts ¢f pr-ccessing as it moves
through successive layers of the arrey. Il.telligent subarrays will
. structure the electromagnetic functionality of the array face, and
internal knowledygye based logic will select signals for further
combination based on their applicab.lyty to the desired function
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and the perceived environment. Qutputs will no longer be based on ﬁ

the amount ot power delivered to the terminal, but on the ability "

- to carry out the intended system objective, i
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There is a long road betwecen the present hardware and the
hoped-for goals of integrated antennas. Many phased arrays of the
current technology will enter the inventory betore any photolitho-
graphic panacea appears on the scene., Yet the driving forces of
this evolution are at work. The cost and the performance limita-
tions of today's waveguide solutions are working to generate new
1deas. The continuing revolutions of the logic industry and the
micrcwave monolithic integrated (¢ircuit community are bringing
relevant technology closer to the array face, It will be a shorter
time than many would care to envision until the skills of an
antenna designer are a transformation of the skills of a computer
designer.,
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Comparison of Architectures
for Monolithic Phased
Array Antcnnas

Devid M. Pozar
Daniel H. Schaubert
Department of Electrical and Computer Engineering
University of Massachusetts
Amherst, MA 01003

ABSTRACT

This paper will consider a variety of potential configurations for
monolithic phased array antennas, and discuss their relative advantdages and
disadvantages. Considerations such as bandwidth, maximum scan range, feed-
ing methods, substrate real estate, and manufacturability wiil be addressed.
Results of analyses for some particular configurations will be presented.

INTRODUCTION

The concept of a monolithic phased array, where active devices are in-
tegrated on the same substrate as the radiating elements, promises
achjevement of the long-awaited goal of a truly versatile and low-cost mil-
limeter wave scanning antenna.  Such an array, however, presents a number of
challenging problems to the antenna designer, not leasi of witich i3 the
problem of how to bhest configure the radiating elements, active devices, and
feed network, This paper will address this issa2 by considering a number of
potential monolithic phased array architectures, and discussing their rela-
tive merits, Printed dipole, microstrip patch, broadside slot, and endfire
slot elements will be considered in a number of different arrangements. The
following list describes some of the criteria to be used in evaluating
various architectures;

+ Maximum 5040 range-this is dictated essentially by impedance matching
and the possible existence of scan blindness,

+ Bandwidtn - printed dipoles and patches on grounded subslrates have
relatively narrow bandwidth. Bandwidtna is incredsed by increasing
the substrate thickness.

» Substrate real estate - there must be enough space on the substrate
for the radiating antenna elements, the feed network, phase shifters,
bias cirgquitry, ete., withoat deleterious cross-coupling.

+ Feed radiation - spuricus radiation from feed network discontinuities
may degrade sidelobe levels, etc.

+ Manufacturability - it is desired to reliably construct such an array
in as "monolithic" a form as is possible,
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* Heat ~2amoval - particalarly at higher millimeter wave frequencies,
heat cemoval from closely packed active devieos i3 essential,

« Polarization - In some applications it is desired to have circular
or dual polarizatinn.

It should be noted that many of the above criteria (e.g., sSpurious
radiation, heat removal), may not dbe significant at microwave frequencies,
but oftan are quite important at millimeter wave frequencies, There are two
reasons for this: first, the substrates required for MMIC work have rela-
tively hign dielectric constants, and second, at millimeter wave frequencies
substrdles are electrically tnicker and active devices are physically closer
rogether.

BROADSIDE SLOT ELFAENTS

Printed slot antenras and arrays cdn be made in th=2 ground plan of a
grounded dielectric stab [1], with microstrip feed lines or coplanar
waveguide feeds, See Figure 1a, The main problem with this approach is
that the radiation field from such a slot element is bidirectional. Thus, a
3dB loss in gain is incurred and, what miy be worse, this urdesired power
can cause serjous problems by interfering with other components or scatter-
ing to degrade sidelobe levels and polarization. Some sugeested approaches

-~ —_—~1 | UL P~ i M e -y 3
Lo mane Lhe radialion unidiractional arc diccussed below,

One way s Lo use a ground plane reflector behind the array. This was
done in 1], and has been suggested by others for phased array applications.
This approich has been shown to be feasihle for broadside arrays, but may
not work for scanning arrays. As shown by Mailloux (2], a THEM waveguide
mode can be excited in the parallel plate region, leading to scan
blindnesses quite close to broadside. 1In the broadside case, the TEM mode
is not excjted because the uniform element phasing and spacing of near A/2
tends Lo c4ancel such a mode.

Another approach to eliminare the bidireational radiation is to use a
cavity~-backed slot element. See Figure 1b, This configuration takes Lh=
form of stripline, with the slot in one of the ground planes and fed by the
center strip conductor. Plated-throuyh holes surround the slot element and
form a cavity, thus eliminating the parallel plate modes discussed above, A
number of such antennas and arrays have been successfully tesled av 20 GHz
[3). The main problem here is one of manufacturability. he large number
of via-holes required for this approach cannot be produced relijably; in ad-
dition, stripline is not a preferred medium for active device integration.

ENDFIRE SLOT ELFMENTS
Encfire slot antennas can be made by elching tapered slot or "notch"

antennas near the edge of a substrate, and feeding with microstrip or slot-
lire, as shown in Figure 2a. A number of such substrates can be placed side
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by side tc form a planar array. Circular or dual polarization requires some

v sort of "“eggcrate' arrangement (Figure 2b), and may be difficult to fabri-
cate in monolithic form., 1In addition, these types of endfire radiators have
been known to exnibit snan blindnesses at microwave freguencies; the situa-
tion may be worse when high dielectric constant substrates are used,

PRINTED DIPOLES OR PATCHES ON A SINGLE SUBSTRATE

At present, it appears that printed dipole or microstrip patch elements

may be the most promising element {(ypes for monolithic phased arrays. &}

Probably the most direct approach is to print the dipoles or patches on a %

single grounded Gallium Arsenide substrate as shown in Figure 3, along with 53

' the active devices and feed network. A umall broadside patch array on e
Gallium Arsenide was recently constructed in this manner [Y4]. It appears, 5

however, that a number of problems may arise¢ when using this approach for a :"

r"‘

monolithic phased array,

First, a single layer substrate probably dves not have enough surface
area to accommodate radiating elcments, phase shifters, and feed networks.
Antenna element spacings are required to be on the order of xo/a. and phase

Bt 0 BB SN aa

shifters generally require lines that are roughly xg/u in length, The rout-~

ing of a corporate feed network and bias lines further complicates the
situatiorn,. Note that the C-band printed phased array reported by "'polla

[5] required a separate substrate for the phase shiiters and power dividers,
and was 3till quite dense.

Anoihner {ssue with this geometry i1is the scan blindness/bandwidth
tradeoff. Scan blindness in printed arrays (6], [71, (83, [9] is a condi-
tion whereby no real power leaves the face of the array, and is caused by a
surface wave resonance at certain scan angles. This condition 1imits the
maximum scan range of the array, thus it is desired to use configuratinns
for which such blirnd angles are as far from broadside as possible. As dis-
cussed in [6], the blindness angle moves closer to broadside as the
substrate becomes thicker. On the other hand, thick substrates are required
for increased bandwidth. Thus, there exists a tradeoff between the maximun
scan range of a printed phased array and its bandwidth. Figure 4 shows a
plol of these two quantiities versus substrate thickness, for a Gallium
Arsenide substrate. The scan blindness angle is a function of element spac-
ing, and gets closer to broadside as the element spacing gets larger [6];
data are shown for Ao/2 sparing. It should also be noted that the bandwidth
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of Flgure 4 is based on impedance mismatch: better bandwidth may be at-
tainable if some type of impedance matching network is used, Closer element
spacings will improve the blindress problems, but at the expease of in-
creased complexity and cost.

The single layer configurat.cn also suffers from the possibility of
spurious feed radiation.
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PRINTED DIPOLES AYND PATCHES ON A TWO-LAYER SUBSTRATE

Figura 5 snows a possible two-layer design, where a grounded layer of
Gallium Arsenide holds the active devices and feed network, and a super-
sirate or cover layer of a low dielectric constant materjial holds the
radiaring elements. Coupling from the feed to the antenna elements could be
made by proximity coupling (as has already demonstrated with dipoles [10]),
Or via holes.

This configuration partially corrects the two major problems discussed
above for the single layer substrate thiexkness. As can be seen from Figure
5, there now exists essentially twice the area for radiating elements, ac-
tive devices, and feed networks, In Aaddition, the radiating elements are
now mcunted on a composite substrate with an effective dielectric constant
Anicr is significantly lower than that of Gallium Arsenide, This is a
desiradle trend for both increased bandwidth and increased s2an range.

There still are problems, nawever, First, spurious radiation from the
active devine/fez2d layer has not been eliminated, and actually may be more
niraful here because of Lhe possibiiity of strong coupling to the radiating
2lements directly above, Second, th: gains in bandwidth and maximum scan
range are not as great as one might hope. Figure 6 shows the blindness
angle of an array on a two-layer substrate with ko/2 spacing, for varjious

# bandwiath and a Sallium Arsenide layer thicxkness

layer thicknesses. Fo~ 10
of 0.32\0, scan blindness occurs at about 683°, compared with 53° for a

single layer GaAs geometry witn 10% bandwidth, (Note: As a rule of thumb,
the maximum scan range shauld be taken to be at least 10° less than the scan
blindness sngle, due to severe imnedance mismatch near blindness.)

PRINTED DIPJSLES CR PATCHES ON A TWO-SIDED SUBSTRATE

Figure 7 shcws a two-sided geometry, wnere a Gallium Arsenide substrate
is on one side of a ground plane, and contcins the active devices and feed
networks. A low dielectric constant subsuirate is bonded to the other side
of the ground plane, and contains the radjating elements. Coupling can lake
nlace tarough apertures in the ground plane,

This type of design has the interesting advantage of using the best
substrate for a given funciion: Gallium Arsenide for the phase shifters and
active devices, and a lew dielectric constant substrate for the antenna
elements, For example, for an antenna substrate with Er=2'55’ a thickness

of about O.OSAO is required for 10% bandwidth, but the blindness angle oc-

curs at aboul 80°, The situation would be even better for lower dielectric
constant layers (e.g., hexcell). Another interesting feature of this design
is thal a ground plane secparates the radiating aperture from the feed net-
work, so the possibility of spurious radiacvion is greatly rcduced. Also,
the radiating elements will not be affected by gaps between individual
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Gallium Arsenide wafers of the feed network, as would the single or two-
layer designs discussed previously.

This design depends on adeqgnat.» coupling th-ough tre ground plane to
the radiating p4atches, One way to 4o tnis Is to use via connections through
holes in the ground plane, to microstrip feedlines on the bottom layer. It
may be desirable, however, to avoid such long via holes, in which case an
aperture coupling mechinism c¢ould be used.

Reference [11] describes a microstrip antenna coupled to a
microstripline through an aperture in the ground plane. Figure 8 shows the
geometry, and Figure 9 shows a Smith chart plot of the impedance locus of an
X-band model. (Note that the double loop, by proper design, can be used to
increase the impedance bandwidth of the patch antenna,) A rigorous
theoretical analysis of the aperture coupled patch antenna is in progress.

Variations on the above approacn, such as the use oOf slotlines in the
ground plane for feed lines, as opposed to microstripline, are possible.

CONCLUSION

This paper has compared the relative advantages and disadvantages of a
number of possible menolithic phased array architectures, in terms of scan-
ning range, bandwidth, manufacturability, and other factors. It appears
that printed dipole or microstrip patch antennas are the most likely can-
didate elements for such an array, but a basic problem s that the most
desirable substrate parameters for the antenna elemants conflict with the
required use of a substrate like Gallium Arsenide for active device
integration. The use¢ of two-layer or two-sided configurations was discussed
as way to alleviate this difficulty.

REFERENCES

{11 Y. vYashimura, "A Microstrip Slot Antenna", IEEE Trans. Microwave
Theory and Techniques, Vol. MTT-20, pp. 760-762, Nov. 1972.

R. Mailloux, personal communication.

K. Arkind, personal communication.

D. J. Martin, L. D. Sikes, and E. P. Valkenburg, "20 GHz GaAs
Monolithic Array Design and Performance', presented at the 1984 IEEE

Antenna and Propagation Symposium, Boston,

F. W. Cipolla, "A 7.5 GHz Microstrip Phased Array for Aircraft-to-
Satellite Communication", IEEE Trans. Antennas and Propagation, Vol.

AP-29, pp. 166-171, Jan. 1981,

D. M. Pozar and D. H. Schaubert, "Scan Blindness in Infinite Phased

n




(7]

(8]

[91]

{10]

™~
—
—

(-

oSk SRt SXJ - TPt i gl ¢ iﬁ‘}'ﬂ'ﬂ:ﬂ‘.i;ﬂrﬂﬂl’lf.‘ AR IO TN M TR TN AT L AA RN RA RS AN LM PA TN N R A N AL Al " Wy ™ e kY 6T kR Rk Ay mEramvm mw - o o
' - . . T .

S

Arrays of Printed Dipoles", IEEE Trans. Antennas and Propagation,
Vol, AP-32, pp. 602-610, June 1984,

D. M, Pozar and D. H. Schaubert, "Analysis of an Infinite Array of
Rectangular Microstrip Patches with Idealized Probe Feeds", IEEE
Trans. Antennas and Propagatlion, Vol. AP-32, pp. 1101-1107, October
1984,

D. M. Pozar, "General Relations for a Fhased Array of Printed
Antennas Derived from Infinite Current Sheets", accepted for publica-
tion in the IEEE Trans. Antennas and Fropagation.

D. M. Pozar, "Analysis of Finite Phased Arrays of Printed Dipoles"™,
submitied for publication in the IEEE Trans. Antennas and Propagation.

W. G, Oltman and D. A. Huebner, "Electromagnetically Coupled Micro-
strip Dipoles", IEEE Trans. Antennas and Propagation, AP-29, pp.
151-157, Jan, 1981.

D. M. Pozar, "A Microstrip Antenna Aperture Coupled to a Microstrip
Line", Electronics Letters, Vol. 21, pp. 49-50, Jan. 17, 1985.

12

N

i Y

L4 | CArond

5

LN R S

=2

.
1)

)

AP

WA b il ol e gr vt SLIRSRraFAtRbh  Jals

SRS Y,

)



A AT R TANANE, PJ  Sual™ W iT W Wirs 1" my @ v = 2= mm—cm — m - — - - -

1)

m
t
- $:‘ ]
|
i1
(]
I
i1
It
(]
I
|1
L
1
|1
(a)

. i1 -
!

©ob ’ 1 l M|
1 « .

B M i |
1 1 | !
:: | 1 i
v ;.
! i
0 :
I o
Vil -
[

- 'l
L
(b)

Figure 1. Slot elements for monolithic arrays. a) Bidirectional micro-
stripline-fed slot, b) Unidirectional cavily-backed slot.
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Figure 9, Measured impedance locus of an aperture coupled microstrip
antenna at X-band. Feed substrate is 0.025" thick with a
dielectric constant of 10.2; antenna substrate is 0.020" thick

with a dielectric constant of 2.2. Patch size is 9.4mm by
12.8mm; coupling aperture is a rectangular slot 0.9mm by 3.5mm,
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ELECTROMAGNETIC BACKSCATTER FROM MICROSTRIP ARRAYS:
THEORY AND MEASUREMENT '
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h Robert V., kleGahan
Electromagnetic Sciences Division
Rome Air Development Cernter

.. B. Rama Rao
MITRE Corporation

SUMMARY

Electromagnetic backscattering from two dimensional microstrip arrays has
been studied in this paper as a function of the frequency of the incident signal,
array lattice spacing, angle of incidence, and antenna !oad mismatch conditions.
Thenretical and experimental investigations have been conducted on two types
of microstrip arrays: a) a 32 element triangular grid array consisting of coax-
ially fed circular disk microstrip elements and b) a 561 element square grid
array of rectangular patch elements,

Significant antenna mode backscattering from the triangular grid array is
observed when the incident frequency is the same as the resonant frequency of
the fundamental TM|; mode of the circular microstrip disk element. Higher
order mode backscattering from the array is also observed at large in: idence
angles when the incident frequency is the same as the resonant frequ. ncy of
TMyy higher order mode of the microstrip element. Nepgligible backscatter from
the array occurs when the incident frequency is well below the fundamental
resonant frequency of the microstrip patch element. Theoretical results for the
three frequency regimes are in good qualitative agreement with experimental
nieasurements,
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Electromagnetic Backscatter from Microstrip Arrays

1. Introduction: This paper describes the resuits of theoretical and

experimental investigations into the electromagnetic backscatter from two
dimensional microstrip arrays. Two types of microstrip arrays have been
analyzed, The first is a 32 element triangular grid array consisting of
coaxially fed, circular disc microstrip elements; the second is a 561 element
square grid array consisting of rectangular patch elements, The scattering
patterns of these arrays have been calculated for both in-band and out-of-band
frequencies and examined as functions of array lattice spacing, element size,
angle of incidence, and antenna load mismatch conditions., The computed
results are in good quaiitative agreement with measurements on the two types
of arrays. Since the scattering response of an array i1s a strong function of
frequency the problem has been examined in three different frequency regimes:
1) antenna mode scattering when fi =f , 2) higher order mode scattering

res

when fi>fr , and 3) low frequency structural mode scattering when

es

f1<<fres. The frequency of the incident signal is f1 and fres is the

fundamental reasonant frequency of the microstrip element (lowest order

TM,, mode).

11

2. Antenna Mode Scattering Theory: Antenna mode scattering occurs when the

frequency of the incident energy is the same as the resonant frequency of the
lowest order TM11 mode of the circular disc microstrip element. The RF energy
absorbed by the antenna is partially re-radiated due to reflections at the
feed terminals that occur when the antenna is not conjugate matched to the

load, 7The directicen of the peak sidelobe in the backscatter direction is a
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function of the array lattice spacing.
The backscattering cross sectiono, of an array of MxN elements can be
obtained by the addition of the scattered fields from the individual elements,

taking intc account the relative phase angle between the scatterers, [1,2]

4

1/2 _ 2
(oppy? exp (i) | (1)

Q
3>
or~ X

..é

where O9MN is the antenna mode cross section of the (m,n) element in the array,
Gy 1S the relative phase angle associated with the (m,n) element in tne
array. The magnitude of the relative phase angle is determined by selecting a
reference plane located at the (0,0) reference element in the array. If the
scattering cross sections of the individual elements in the array are assumed
to be equal, summation of the phase contributions from the elements in a

triangular grid array results in

_ 172 2
op = [Cog) "apaLa |
(2)
where o is the scattering cross section of an array element and AT' AX’ and

AY are the array factors for the triangular grid array [3] as denoted below:

At = (1.0 + exp(-jfy,) cxp(*jfy))
, (3a)
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where f, = kd, sin 8 cos § , (3b)

fy = kdy sin 6 cos ¢ , (3c)
(8,2) are the angular coordinates of the backscattered signal, 2, is the
wavelength, k = 2n/), , and d, and dy are the inter-element spacings

between the array elements along the x and y axes. Also,

(4a)
sin(kMd, sin 9 cos ¢)
Ax =
sin(kdy sin 9 cos ¢)
and
sin(kNdy sin 6 cos ¢)
A, — P
4 sin(kdy sin 8 cos ¢) (4b)

The backscattering cross section of the microstrip antenna element o, in
equation 2 cdn be represented [4] as
22 ,
o, = Z;lS(ﬁ,é) + Irglegce, ep, |
(5)
The scattering cross section of the antenna element can be decomposed into two

major components, The first term S in equation (5) is due to the "structural
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mode scattering” from the antenna array. It arises from the currents induced
on the surface of the antenna element by the incident electromagnetic signal
and 1s totally indepenient of the 1oad connected to the antenna terminals,
The structural scattering cross section of the array will be discussed later
in this paper. The second term of the cross section attributable to

has been called the "antenna mode" backscatter, The factor TGy is the gain
of the antenna element in the backscatter direction. Tp is the modified
reflection coefficient defined in terms of the load impedance 2; = Ry + jXp

and the array element impedance Z, = Ra

z, -2, (6)

where Z* = R - jX  is the complex conjugate of the impedance of the array

a a
element, Pb is the polarization mismatch between the scattering array element
and the incident electromagnetic signal,

The gain of a circular disc microstrip antenna element of radius a

operated in its fundamental (lowest order) TM11 mode can be calculated from

its radiated fields [5,6] and is given by

Cy(n,8) = 4Cy(9,3) /G \/a)
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where

2 2
Gp(8,¢) = 4{cos” ¢ (Jz(koa sin 8 ) - J (k,a sin 6 ) (7b)
2 2 2
+ cos 6 sin ¢ (Jz(koa sin 8 ) + J_(k a sin © )

and

n/2
2
Gp = gJ(JZ(koa sin 8 )-J (kja sin 8 ))

2 2
+ cos © (Jz(koa sin 6 ) + J (k. a sin @ )V} sinnAde (7¢)

and & is the radius of the microstrip circular disc radiator. Similarly, the
antenna impedance Za for a coaxially fed, circular disc microstrip element 1is
given [5,7] by

Jouh

2 :
2y = - L IL00 Ay Ik ) (ko) (62)

where
pJ_(ka) - I (ka)

A = - - (8b)
pY,(ka) - jY_(ka)

and

(8c)
P = ny(Gy + iBy)

In equation 8¢,
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Gy = 2Pp/h E J (ka) o

ewwaz 2h 1/72
B, = iy o+ (1n(na/2h) + 1.7726)} -1} .
a h TELa

The total power lost by the microstrip radiator is Pt and is given by

PI=Pr+PC+Pd

where
2
[hEOJn(ka)koa]
1920
~10 372 2
PC = ]1.68 x 10 f Eo )
¢ nd

_4 2
Py = 0.805 x 10 h Lan(ﬁ)Eo/f .

In the above equation,

h = thickness of the dielectric substrate (meters), a = radius of the
microstrip radiator (meters), €r= relative dielectric constant of the

substrate, E = E field amplitude of the exciting field (volts/neters),
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tan &= loss tangent of the substrate, f = frequency (GHz), n, = free space
impedance, u = permeability, and k = kgoVe, .

At the fundamental resonant frequency of the antenna, the contribution to
total scattering cross section by the structural mode scattering is much
smaller than the contribution from the antenna mode scattering. HMutual
coupling effects between the array elements have been ignored in deriving
equations 2 and 7. Ecquation 7 represents the gain of an isolated element i~
the array. The effect of mutual ccupling effects in a large array can be
accounted for [8] by multiplying the gain of an isolated element by

372

(cos 6) .

3. Antenna Mode Scattering: Measurement and Comparison with Theory

A series of measurements were conducted at the RADC Ipswich
Electromagnetic Measurements Facility to determine the scattering
characteristics of microstrip arrays in the three frequency regimes. A two
antenna, CW cancellation system was used. The antenna separation was six
inches, with a measurement range of thirty five feet, making the bistatic
angle 0.08° for these measurements, The microstrip array choser for the
antenna mode scattering measurements consisted of circuiar disk microstirip
radiators excited from the back by coaxial probes. The center pin of the
coaxial connector was connected to the disx at a distance of one third the
radius Trom the center of the disk, The center of the microstrip disk was
shorted to the ground plane by a pin. Figure 1 shows a cross sectional sketch
of the microstrip disk element. The characteristics of the array used in
these measurements are center frequency = 7.25 GHz, number of elements = 32,

4 rows X 8 columns in a triangular grid Tattice with element spacing = 2.768
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cm x 5.537 ¢cm. The diameter of microstrip disk eiement is 1.0 ¢m and tne
substrate thickness is 0.30 c¢cm, dielectric constant = 4.4 (tan & = 0.0025),

Since a low RCS antenna mounting structure was not available for this
experiment, the scattering measurements on the array had to be carried out in
two separate steps, Scattering cross section measurements were first made c¢n
a2 ft. x 3 ft, metal plate. The microstrip array was then installed at the
center of the metal plate and the measurements were repeated. The difference
in the scattering patterns between the two measurements is an indication of
the antenna-mode backscatter from the array. The difficulty with this
technique is that the scattering from the edges of the metallic plate often
interferes with and masks the backscattered signals from the array. At angles
in the vicinity of broadside, the RCS of the plate is much greater than that
of the array, hence scattered signals from the array are not identifiable in
this angular region, The scattered signals from the array become mere
discernible at aspect angles sufficiently far from the broadside direction,
where they are comparable to or higher than the edge scattering from the metal
plate. To mitigate scattering from the plate at large aspect angles, some
measurements were made with absorbing material placed on the edges of the
metallic plate,

Scattering measurements on the flat plate and the array are shown in
Figures 2 and 3. The data shown in these figures was taken with an open
circuit { 2, = = ) across the coaxial input terminals of the microstrip antenna
elements, The scattering cross section was measured with the E vector of the
incident field parallel to the columns of the array. These figures show the

m2asured cross section normalized with respect to the scattering cross section
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of the plate measured in the broadside direction ( 6 = 0° ). Figure 2 shows
the scattered signals from the fiat plate alone and of the flat plate with the
array. No absorbing material was placed on the edges of the flat plate in the
results shown in Figure 2. The data shown in Figure 3 was taken with
absorbing material placed on the edges of the metal plate. An antenna mode
scattering lobe from the array is clearly visible in Figure 3 at azimuth
angles between 35% to 60°. In Figure 2, multiple lobes are seen at these
azimuth angles due to interference between the scattered signals from the
array and the edges of the plate. The amplitude of the scattered retura from
the array is quite large considering that it has only 32 elements, The reason
for this is that the peak of the lobe which appears at 45° is not
significantly affected by mutual coupling effects within the array.

The theoretical scattering cross section of this array was calculated
usinyg equations 1-9 of Section 1, The scattering cross section of a metallic
plate was also calculated using a physical optics approximation [9]. The

combined scattering cross section of the array and metal plate was calculated

as follows:
_ N . 5 1/2 10
op = 0y Op ,(OAGP) cos 1, (10)
where
op = backscattering cross section of microstrip array

Up backscattering cross section of metal plate

—
n

relative phase angle between the two scattered signals = kd cos 0 ,

—

32
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where d is the distance between the phase centers of the two
scattering sources o

The computed backscattering cross sections for the microstrip array and
the flat plate are shown in Figure 4. The theoretical results are in good
qualitative agreement with the measured data shown in Figures 2 and 3, The
theory predicts the presence of the backscattering lobe from the array that
appears between 359 and 60°. At these aspect angles, the scattering cross
section of the array exceeis that of the metal plate, At aspect angles
from 0° to 30° the meta) plate has a much higher cross section than the array,
hence scattered signals from the array are not visible in this angular region.
The interference l1obe pattern that appears between 352 and 60° is due to the
interaction between scattered signals from the array and the metal plate,

Note that the theoretical results show many more sidelobes than the
experimental data. This discrepancy is primarily due to the fact that the
hybrid Magic-T phase bridge in the two antenna measuring System was not nulled
for each aspect angle due to the vast amount of data that was collected. The
bridge was initially balanced for the 0O aspect angle (array broadside
direction); no further attempt was made to null the bridge for subsequent
aspect angles, creating some degree of phase insensitivity,

4., Effect of Load Impedance on Antenna Mode Scattering

Experiments were also conducted to measure the effect of antenna load
impedance on the scattering cross section of the array. Figure 5 shows the
scattering cross section of the array measured under two different load
conditions, namely 2, = « (open circuit) and Zp = 50 + j0 ohms (50 ohm

matched 1oad). Both measurements were taken with absorber placed on the edges
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of the flat plate. Examination of the figure indicates that the antenna mode
scattering lobe (occurring between 35-60 degrees) has greater peak amplitude
at  Z; = = than at Z; = 50 ohms. The difference between the peak scattering
amplitude for these lToad conditions is rather small, These results indicate
that significant scattering can occur from the array even when the antenna
input terminals are terminated by a 50 ohm resistive load; this is because the
conjugate-match condition specified in equation(6) is not satisfied by this
type of load. These results have also been corroborated by theoretical
calculations.

5. Higher order mode scattering (TM21 mode)

When the frequency of the incident signal is above the fundamental (TM11
mode) frequency of the microstrip antenna higher order modes can be excited in
the array elements, causing them to scatter once again in an antenna type
mode. The radiation pattern of the elements for these higher order modes will
be different from the fundamental TM11 mode; generally there will be a null at
broadside and the peak lobes shift towards the endfire direction [13]. In
this paper the scattering pattern of the array has been calculated at a
frequency corresponding to the resonant frequency of the TM21 mode of the
antenna element.

The resonant frequency fmn of the Tan mode of a circular disc microstrip

antenna of radius a is given by

fmn = Kpne /2magve, (11)
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where Kmn is the nth zero of the derivative of the Bessel function of order m,
¢ is the velocity of light in free space, and ex is the relative dielectric

constant of the substrate, The effective radius a, of the antenna element is

given by
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where h is the thickness of the microstrip substrate and a is the radius of

the microstrip antenna element., For the microstrip disk in the 32 element

array, the resonant frequencies of the TMll’ TMZI’ TMO2 and TM31 modes occur
at frequencies of 7.25 GHz, 12,44 GHz, 15,08 GHz and 16.54 GHz, respectively.
The gain of the TM?I mode in the backscatter direction can be calculated

from its far field patterns and is given by

N

G21(6,8) = 4GNp1(8,4)/Gpyy (13a) N

'

&

¢

e

where &
Cypp = 4lcos 26 [d.(k j 2 i

N21 os 2¢ WJ3(kya sin 8 ) - jj(k,a sin A )} R

2 2 -

+ cos 8 sin 24 {J3(koa sin 06 ) - Jl(koa sin © )}2] (130) o

and E
. |
n/2 5

— 2 .

Cpry = i[{JB(koa sin 8 ) ~ J;(kpa sin 6 )} (13c) >

2 i

+ cos 6 {J3(koa sin 8 ) + Jl(koa sin 8 )}2] sin 0de I
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The backscattering cross section of the array in the higher order TM21 mode
can be calculated using the methads outiined 1w Section 2. Figure 6 shows the
calculated backscattering cross section of the array at a frequency of 12,44
GHz, with the input terminals of the anterna open circuited. Experimental

measurements have been conducted to verify the results,

6. Low Frequency Structural Mode Scattering: Theory a»i Measurement

When the frequency of the incident signal is well below the operating
bandwidth of the array, the individual elements in the array cease to radiate
and can no longer be considered as microstrip antenna elements, The array
scattering now occurs in the structural mode, with energy being scattered in
the specular direction due to the presence of the conducting ground plane a
smail distance benind the radiating face of the array. The energy scatiered
in the backscatter direction is negligible and is independent of the antenna
load impedance since no RF power is absorbed by the antenna.

A survey of current unclassified literature has yielded very little worg
on the backscattering from microstrip arrays. Montgomery [10] has studied the
specular reflection from infinite peripdic microstrip arrays using floquet
model expansion and integral equation techniques. These techniques are not
readily applicable to the evaluation of backscatterinyg from a finite
microstrip array. In thic paper, the diffraction fields and the
backscattering cross section has been calculated using the low frequency ar
Rayleigh approximation [2]. The presence of the metallic ground plane is
accounted for by an image array [11] whose dipole moments are opposite to that

of the array. The scattered field from the image array is added to that of

the actual array through an appropriate phase factor, to account for the
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presence of the dielectric substrate, Munk et, al. [12] have considered the
influence of dielectric medium on radiatior from a periodic surface, A
similar, but simplified technique has been employec in this paper, the details
of which will be described at the symposium,

In order to investigate the low frequency scattering characteristics ~f
the array, measurements were conducted at 7.25 GHz and at 10 GHz on en array
of 561 elements whose desigrn frequency was 20 GHz, The chara.teristics of
this array are center frequency = 20 GHz, number of elements = 561, 27 rows X

27 columrs square lattice delineated by a 7.85 inch diameter circle, element

-spacing = 0.295 inch X 0.295 inch, element type = 0,179 inch X 0.10€9 inch

rectangle, substrate = Rogers Duroid, substrate thickness = 0,0625 ins,
dielectric constant = 2,23 _Figure 7 and Figure 8 show the backscattering

crass section of th

3]

2C GHz array when measured at a frequency of 7.25 GHz and
10 GHz respectively. Both of these measurements were made with the antenna

input termingls open circuited., These results show no perceptible differences

. between the cross section ot the plate and that of the plate with the array,

indicating that the scattering cross section of the array in the backscatter
direction is negligible, These experimental results confirm the theoretical
predictions,
7. Sfymmary

Electromagnetic Backscattering from two dimensional microstrip arrays has
been studied in this paper as a function of the frequency of the incident
signal, array lattice spacing, angle of incidence and antenna load mismatch
conditions, Theoretical and experiemental investigations have been conducted

on two types of microstripn arrays: a) a 32 eleme¢nt triangular grid array
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consisting of coaxially fed circular disk microstrip elements and b) a 561
element square grid array of rectangular patch elements.
Significant antenna mode backscattering from the triangular grid array is

observed when the incident frequency is the same as the resorant frequency of v

the fundamental TM;, mode of the circular microstrip disk element. Higher
order mode backscattering from the array is also observed at iarge incidence

angles when the incident frequency is the same as the resonant frequency of

FREFIME | S e

TM21 higher order mode of the microstrip element. Negligible btackscatter from

the array occurs when the incident frequency is well below the fundamental

resonant frequency of the microstrip patch element. Theoretical resuits for

the three frequency regimes are in good qualitative agreement with

experimental measurements.
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PERFORMANCE BOUNDS ON MONOLITHIC PHASED ARRAY ANTENNAS

John K, Schindler
Electromagnetic Sciences Division
Rome Air Development Center
Hanscom Air Force Base, MA (01731

SUMMARY

Monolithic phased arrays represent a challenging combination of phased
array and monolithic millimeter wave integrated circuit technologies. These
arrays promise to have an immense impact on airborne and spaceborne communica-
tions terminals and radar systems in the millimeter wave frequency bands if
substantial technological challenges can be met in future years.

Bounds on the performance of monolithic phased arrays are presented as
they are limited by array, circuit and device performance estimates. Depending
upon application, the performance of maonolithic arrays is characterized by
gain, effective isotropic radiated power or overall efficiency., Maximization
of any or a combination of these performance criteria is limited by cost and
array complexity, waste power dissipation, amplifier output power and juunction
temperature.

Results for maximum effective isotropic radiated powetr arrays are present-
ed for final power amplifier designs which maximize amplifier gain, efficiency
or saturated power output. Maximum achievable EIRP varies inversely with the
square of frequency with junction temperature limiting EIRP at the lower fre-
quencies and FET power density limiting EIRP at higher frequencies, Waste
power is contributed primarily from the DC to RF inefficiencies of the FET
power amplifiers and the waste power density necessary to be removed from the
array remains approximately constant with frequency. This waste power density
is significant, being approximately 100 times that which can be radiated by a
black body at the corresponding junction temperature of 100 degrees Centigrade.
Small signal active array gain is limited by semiconductor wafer size and
achievable cost effective circuit realization at the lower frequencies and by
microstrip clrcuit feed losses at higher frequencies. ¥ven at the higher
frequencies, the complexity of the maximum gain circuits greatly exceeds todays
capabilities for monolithic circuit fabrication.

1, INTRODUCTION

Monolithic or integrated circuit phased arrays are active phased array
antennas fabricated primarily on a semiconductor substrate, The array includes
radiating, feed, control and amplifier components constructed on the substrate
using monolithic microwave or millimeter wave integrated circuit fabrication
techniques. The arrays can be either transmit or receive or possibly both
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transmit and receive if advanced levels of circuit integration and transmir-
receive isolation are permitted by the fabrication technology.

Important adjuncts to menolithic array technologyv include mounting, sup-
porting and cooling the array and feeding RF, DC and control signals to the
complex monolithic array structure. The arrays are likely to be electrically
and mechanically fragile and will require an external radome capable of pro-

tecting the array from the usual environmental factors as well as electrical
interference from lightning or EMP,

A survey of hybrid and monolithic integrated circuit antenna technologyv
has been published recently [1].

1.1. Potential of Monolithic Phased Arravs

Monolithic phased arrays may be an impuortant technology for aircraft and
space antennas in the lower millimeter wavelength bands from 20 to 60 CHz., 1t
is anticipated that aircraft communications terminals and radars for modern
high performance aircraft will require low profile or conformal antennas which
occupy a minimum amount of space within the airframe. Conformality of the
antenna permits a low radar cross section for the aircraft and reduces drag on
a high performance airframe. Minimum airframe intrusion a2llows more cfficicnt
use of the valuable space within an aircraft but this requirement denies the
use of space or lens fed antennas and forces the use of compact corporate
feeds. These feeds are lossy, especially at millimeter wave frequencies, and
will require the use of some form of active array. Within the aircraft and
space environments, reliability and radiation hardening are important, GaAs
technology appears to be radiation hard and the reduction in the number of

wirebonds and discrete components employed in advanced systems will improve
reliability.

The cost of precision millimeter wave arrays is a significant issue.
Monolithic fabrication techniques offer the prospect of "mass producing” arrays
in such a manner that unit costs are reduced. However, the monolithic fabrica-
ticn process at millimeter wave frequencies is likely to be complex and require
multistage, repeatable sub-~micron lithography. A byproduct ot the successful
completion of this precision fabrication process is the control of electrical
parasitics and the ability to produce wideband, high performance arrays from
monolithic subarrays with nearly identical performance,

1.7 Problems with Monolithic Phased Arrays

There are significanr design and tabrication problems associated with
monolithic millimeter wav.: phased arrays. The usec of sub-micron millimeter
wave monolithic circuit techniques on reasonably large scale circuits and
arrays presents a challenge to achieving adequate yields and realizing the cost
potential of the arrays. Simplification of the production level monolithic cir-

cuit processing techniques employed in the advanced active devices used for low
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noise and power amplifiers and RF switches will be required. The design base
for monolithic millimeter wave devices, circults and radiators is emerging

only now and will require signiticaut advances before the efficient engineering
design of thls class of array can be conducted on a routine basis.

Conductor losses associated with transmission media such as microstrip
operating on semi-insulating semiconductor at millimeter wave frequencies are
significant. These losses limit achievable gain and introduce waste power
which must be removed from the array. Increasing the thickness of the semi-
conductor substrate is desirable to permit reliable handling of the arrays
during processing. However, thicker substrates make fabrication of via holes
more difficult, increase the thermal resistance of circuitry and introduce the
possibility of multimoding in the transmission lines used in the corporate
feed. Thicker substrates can support surface waves and introduce blind spots
and element mismatch upon scan of the monolithic array [2, 3, 4, 5, 6]. An
evaluation of the practical significance of these and other design problems
with monolithic arrays 1is being conducted under programs supported by the RADC
Electromagnetic Sciences Division. 1In this paper we discuss comparative bounds
on the rerformance of monolithic arrays operating in the 20-60 GHz bands as
limited by fundamental design and technological constraints. The discussion of
specific methods for designing and implementing monolithic arrays is presented
elsewhere in this Symposfum {8, 9]. Separate transmit, phase shift and treceive
modules are under development currently [9, 19},
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2. 0OBJECTIVE OF PAPER
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The objective of this paper is to establish performance bounds cn mono-
lithic phased arrays, principal technological limitations on these performance
bounds and the sensitivity of these bounds to advances in device and fabrica-
tion technologies, The design of monolithie arrays for radar and cemmunications
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systems are subject to differing design criteria depending on the applicartion, h;
Common design objectives are to maximize o
. . L
® Active array gain B
L Effective isotropic radiation power y
] Active array efficlency

'y
Achieving these maximum design measures is limited by constralnts on the e
physical and cost realizability of the arrays. Priucipal constraiats are ;i
[
e Limitations on total or per .rea dissipated power ; o
s ® Active FET amplifier junction temperature F
[ Active FET amplifier maximum power output r
) Cost : R
&
N Ly
In this section, these design objectives and coatraints will be discussed -

in depth. They provide a rationale for selecting the iwportant features to be
included in the monolithi¢ array model used in the analysis in this paper. "
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Desivn criteria for monotithic arravs will he described in this section,
Principal desivn criteria are the maximization of arrav gain, effective iso~
tropic radiated power and efficiency. These design goals are not necessarily
compatible and thus are appropriate under differing conditions. The conditions
under which e¢ach design goal is appropriate will be described.

Yolel Maxinum Achievahle Array Gain

One important and commonly used active array characteristic is its direct-
ive gain. This property is a measure of the array's ability to direct RF power
at it~ input terminals to a receliver or target located at a given angular dir-
ection fvom the arrav. In this paper, gain includes all losses in the array
corporate feed, power dividers, phase shifters and radiating elements. 1t in-
cludes, as well, power gain associated with the active amplifiers included in
the arrav. Directive gain, as uvsed here, will be computed in the array broad-
side direction and will not include losses associated with scan or aperture
taper for sidelobe control.

In the feollowing analysis, gain will be computed assuming that the active
amplifiery are opervaring in their linear repgion where output power 1is propor-
tional to input power, Thus, active array gain as used here is associated with
a lincar syvstem and it is implicitly assumed that the input drive power at the
operating rrequency of the array is limited. The important function for the
arrav s is to etficiently direct this limited power to the communications
receiver or scatteriag target, making the active array directive gain the
important design criteria for limited input RF power systems.

2.0.7  Array titiciency

Arother important pertormance criteria for active monolithic arvays is
overall etficiency — the capability of the array to efficientlyv convert input
EF and DC power to output R¥F power at the receiving antenna or scatteriag
targets This overall etficiency will be taken as the ratio of output RF power
al a recelving aperture broadside to the array and in the far field of the
arrav to the total DC and RF input power to the arrav,

Acllve darray erticiency thus includes the effects ot RF power dissipated
in resistive portions of the corporate feod, phase shitters and radiating ele-
rents as well as the DC power dissipated in the active ampliriers. While
mismatceh losses may be important in reducing gain, efficiency and EIPP, these
losses will b eplected; the assumption being that the active array is well-
designed at all freguencies and scan angles and the effects of mismateh lousses
are negligible.

Array ctficiency is an imporcant design criterion when primary power
limitations are placed on the array or when limits exist on the ability to
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remove waste power from the array or the overall system. The proportion of
input power provided in the form of DC bias and RF drive may he important when
the cost of generating RF drive power is significant at higher frequencies.

2.1.3 Maximum EIRP

Kffective isotroplc radiated power (EIRP) is a measure of the active
array's ability to direct RF power to a given receiving system in the far field
of the array - it represents an amount of input power which, if radiated iso-
tropically with unit gain, would give the same far field power density as the
actual active array. KIRP is commonly used in the design of communications
systems as an effective measure of the transmitter—antenna subsystem
performance,

The ELRP usea in this paper will be associated with the maxium achievable
radiated power from the array. Consideration will be given to the maximum power
achievable from each active amplifier in the array as limited by the maximum
junction temperature allowed or the gate breakdown voltage and channel carrier
concentration. The active array will be assumed to have adequate input RF
d.ive power such that the most restrictive limiting condition on each active
anplitier is achieved. Thus while gain is an implicitly linear array charac-
teristic, EIRP as used here gives implicit consideration to the non-linear
power saturation or junction temperature limits of the active array.

As with the gain design criteria, EIRP will be calculated at a broadside
direction with no scan or aperture taper loss included.

2.2 Design Constraints

The performance of monolithic arrays givan by the desizn criteria in the
previous section is limited by important and practical constraints on the per-—
mitted waste power dissipated in the array, allowable FET gate power and junc—
tion temperature and array costs. In this section, these constraints on
monolithic array performance will be discussed.

7.2.1 Power Dissipation

Monolithic arrays may be relatively inefficient systems due to RF losses
in the corporate teed, phase shifters, power dividers, and radiating elements
as well as the relatively inefficient power amplifiers likely to be employed
at millimeter wave frequencics. Thus a significant amount of waste power must
be removed from the active array.

Two waste power dissipation constraints will be considered - the total
waste power and the waste power arca densivy. Total waste power limits are
important when the ability of the total system to remove power is a factor.
This can occur in the space environment where waste power is removed by large
area thermal radiators. Waste power area density ~ waste power per unit area
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of array face - is important when some form of convective heat removal system -
is employed. 1In this case the ability of the limlted flow rate convection
system to remove waste power without significant increase in fluid temperature
is important.

2.2.2 FET Junction Temperature

It is known that the allowable temperature of the FET junction is an
important parameter ia determi:iing the reliability of FET amplifiers, although
the exact relationship between temperature and lifetime for millimeter wave
FETs is not established. The power dissipated in the FET amplifiers is known
to be concentreted in the FET channel and the primary thermal path for dis-
sipating this power and controlling junction temperture is through the semicon-
ductor substrate.

T1 this paper, the FET amplifiers used in the active monolithic array will
be assumed to have all waste power dissipated in their gates and thermally con-
ducted to the ambient temperature substrate of the array. The junction temper-
ature allowed from reliability considerations will place one limit on the power
output from each active amplifier in the monolithic array.

2.2.3 Maximum FET Power Output

Microwave and millimeter wave FET amplifiers are known to have limits on
the available output power they may delivev. This power is limited by the gate
breakdown voltage, the maximum drain current as limited by the concentration of
carriers in the channel and the width of the FET gate as limited by the ability
to match the input impedance of FET device.

Either the maximum available output power or the allowable junction temp-
erature will limit the amount of power which the monolithic array can deliver
to space. These parameters thus limit the maximum EIRP available from the
array and the resultant etticiency of the array.

2.2.4 Cost Limitatious

A primary motivation for the use of monolithic arravs at millimeter wave
frequencies is cost. Their cost effective application is assumed to come from
the precision reproduction ot the complex circuits on a large scale with the
attendant amortization ol iarge setup costs over a volume production., The item
cost of each monolithic array will be small only if a large traction of the
complex circuits produceu function properly. This fraction ot functional
arrays or yield is critically dependent on the quality and reproduceability of *
the materials and fabrication processes used in the manufacture of the mono-
lithic arrvays. Yield depends a:c well as on the complexity of the monolithic
array expected to be produced.
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2 The item cost and its relationship to yleld and circuit complexity is very
difficult to quantize., It is known that yield is dependent on the number of
gates employed, gate dimensions and the functions required of the gates. For
purposes of this analysis, the number of gates employed for active amplifiers
and phase shifter switches will be used to determine the yield and the overall
cost of the monolithic array.

2.3 Sensitivity Analysis

One objective of the analysis provided in this paper is to provide
estimates on a common basis of the performance of monolithic arrays in the
millimeter wave bands as a function of frequency and the type and scale of
technology employed in the array fabrication.

A second and equally important objective is to determine the seansitivity

of the performance bounds and constraints . “echnology advances. The analysis
to be provided will include, as parameters, .mportant performance characteris-
tics of the devices, components and materials employed in the array fabrication.
Marginal improvements in the array performance measures as a function of chang-
es in these device, component or material characteristics will be evaluated to
provide direction for future development efforts. As well, the sensitivity of
array performance measures to uncertainty or lack of knowledge of device, com-
ponent or material performance will be determined so that the most critical
uncertainties in design knowledge can be resolved in advanced research programs.

2.4 Limits of Paper Analysis

The analysis provided here is limited in several ways. Current technology
is challenged significantly by providing separate transmit and receive arrays
even though research into difficulties with advanced transmit-receive arrays
has been proposed. Thus, consideration is given to separate transmit and re-
ceive arrays. Only transmit arrays are discussed here; a similar comparative
analysis of performance of rcceive only arrays will be conducted,
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3. ANALYSIS

In this section the important properties of a monolithic array model are
presented. A model is proposed from which performance characteristics of mono-
lithic arrays can be computed as a function of design constraints and technol-
ogy limitations, Quantitative expressions for these performance objectives
and constraints are provided.

o AT

¢ 3.1 Important Model Properties

Any model proposed to evaluate the performance of monolithic arrays must

include properties which adequately charcterize important array losses which

. contribute to gain degradation and power dissipatioun as well as properties of
the amplifiers which contribute to gain, DC power dissipation and output RF
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power limitations. 7These properties are described in this section as well as
assumptions regarding factors which can be neglected in the model,

Resistive losses are important to the design of monolithic arrays at
millimeter wave frequencies. Semiconductor and conductor losses can be signif-
icant contributors to losses in the corporate feed. These losses along the
total path length of the corporate feed limit the maximum achievable gain from
each array as well as contribute to the RF power dissipated in the array.
Other important resistive losses come from the power dividers, phase shifters
and the radiating element employed in each subarray. 1t is assumed that mis-
match losses in the corporate feed and elements are negligible in reducing the
array gain. 0Of course, this mismatch loss can be significant if thicker sub-
strates which support surface waves are used in an array which is required to
scan o the emergence of blind spots [2, 3, 4, 5, 6].

Active monolithic amplifiers employed in the array are a significant
source of additional active array gain. However, FET amplifiers at millimeter
wave frequencies are inefficient and result in a significant source of waste
power which must be removed from the array. The power-—added cfficiency of each
amplifier characterizes this featuvre. The amplifier is assumed to be biased
such that all DC waste power is dissipated beneath the FET gate where the res-
ultant heat is removed by thermal conduction to the ambient substrate of the
array. Thus the gate dimensions and the thermal resistance of the semiconductor
are important., A second important feature is the maximum achievable power pro-
duced by the FET, This is characterized by the product of RF power output per
unit gate width and the maximum gate periphery for which the input impedance
can be matched,

In this analysis, we neglect mismatch losses, radiation and coupling
between transmission lines used in the feed system as well as losses associated
with conversion of dominant mode energy in these lines. lnsses associated with
the array controller and phase shifter driver are not considered since nower
dissipated in these devices is assumed to be located away from the subarray.
Finally, aperture taper and scan losses are neglected.

3.7 Monolithic Array Model

The model for the active array cunsidered here consists of square, passive
subarrays on a semi-insulating semiconductor. FKach subarray is fed by a mono-
lithic phase shifter and power amplifier. ¥ach of these subarrays is, in turn,
fed corporately with a transmission medium having different attenuation than
the subarray. The complete structure is fed by a driver amplifier. The size
of each passive subarray will be varied to include the case when each radiating
element is driven by a monolithically integrated amplifier.
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’ 3.2.1 Subarray

The radiating subarray consists of a square array of microstrip or patch
radiators 19cated on half wavelength centers on semi~insulating semiconductor.
There are 2-"s elenments and they are assumed to have an efficiency of n_.

The passive corporate feed for the radiating elements consists of some %orm of
microstrip or stripline feed characterized by a resistive attenuation ag.

The subarray is assumed to be fed from the center with successive 2:1 power
dividers distributing the RF energy to each radiating patch element. ®ach
power divider 1is assumed to have an excess loss Lpg to each leg beyond the 3
dB power division expected,

While it is possible to hypothesize a corporate feed network using power
dividers which are other than 2:1, the important loss mechanism which associ-
ates corporate feed losses with the size of the array is preserved in the
model chosen here.

3.2.2 Amplifier/Phase Shifter Feed

tach of the subarrays (or possibly elements) is assumed to be driven by a
phase shifter having insertion loss Lp and a monolithically integrated ampli-
fier with gain G;. Of course, the DC and RF power dissipated in these compon-
ents is of importance. As noted, the waste power from the driver and controller
associated with the phase shifter is neglected. These components are assumed
to be located away from the monolithic subarray. However, the DC power dissi-
pated in the amplifier is of importance. A convenient parameter which charac-
terizes this DC power, Ppc, and its relationship with the RF power produced by
the amplifier, P, is the power added efficiency of the amplifier. This
quantity is

p R
Nadd = — (1)
Ppc

RF
PO

and so the power into the amplifier is related to the input RF power PiRF as

Gs(l - l/Gs)
= RF ’
Ppec = By . (2)
M Nadd

It is assumed the biasing of the amplifier FET is such that all of the DC power
“ is dissipated beneath the gate of the FxT.
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The FET power amplifier is limited in output power either by device break-
down voltage and carrier concentration in the channel or the ability to maintain
the junction temperature at a level consistent with reliable operation of the
amplifievr. To characterize these power limitations, each FET gate is character-
ized by its maximum achievable gate power density, P4, expressed in Watts of RF
power per unit of FET gate width. To characterize the power output, the maxi-
mum gate width W, which can be adequately matched at each frequency will be
assumed. To characterize power dissipation, the thermal conductivity and thick-
ness of the semiconductor substrate will be specified as well as the gate
length and width,

3.7 Subarray Corporate Feed and Preamplitier

Lach active subarray is assumed to be fed by a passive corporate feed
consisting of successive 2:1 power dividers coupled by stripline, microstrip or
waveguide having attenuation per unit length of «¢ . The power divider has
excess loss Lpp. These parameters may bhe different than those which character~
ize the subarray permitting the use of fundamentally differeut transmission
media.

The array is assumed to be fed by a pre—amplifier which exists to level
the power throughout the array and control waste power dissipation.

3.3 Performance Criteria

In this section, expressions for the gain, efficiency and effective iso-
tropic radiated power (EIRP) are developed for the monolithic array model
proposed. Quantitative expressions for the significant design constraints
are provided as a function of commonly defined characteristics of the device
and amplifier technology expected to be applied in monolithic transmit arrays.

3.3.1 Gain

The active array gain is computed in a traditional manner by considering
the power gain and loss of each stage in the array feed and amplifier sections
to provide the effective power aud field strength at each radiating element of
the array in terms of the input RF power. The field strength from each array
element is assumed to be coherently combined in the direction of the array
broadside direction to provide the puwer output from the arrav. The result is
the array directive gain which includes all arvray losses and active amplifier
gain. Thus, the gain may be expresscd as

Gabg(agly)GaGr(apls)
G = .. -

Lp
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" where
Ge = element gain,
X Gg(ag?g) = subarray feed gain,
Gy = GgGg = gain of subarray amplifier and preamplifier,
Gf = (agf%f) = subarray corporate feed gain,
and fg, %f = subarray and corporate feed path lengths.

The subarray and corporate feed gains are functions of the size of the subarray
or feed and the attenuation of the transwission medium used. The monolithic
array gain can be expressed as

:
:
:

dmhA,

Az Gana = Gona » (3)

bl od it

where n, expresses the traditional aperture efficlency of the array and G,
follows.

The subarray and corporate feed gain calculations require special consid~
eration worth note, 1In the model for the subarray, input power is divided
equally among the 220 elements with each 2:1 power divider having an excess
loss of Lpg. Ome power divider section with its feed line of length £ to
the next divider has a power loss of

2Lps

.

From input to radiating element, the loss of the cascaded feed sections is

1 \2ns
¢ —_— e~oglsg
ZLDS

where the total distance from input to radiating element for purposes of
computing the feed attenuation is
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ng-1 -
lg = Agl2 -1/2].

Including the element gain and coherently combining the field strengths in the .
far field main beam direction of the subarray gives

2\ 20g
- _ ~-a_ Y
Gelag2y) = G e 5 S .
Lps
| 3
Of course, a similar computation applies to the corporate feed structure where o
the subarray with its amplifier—-phase shifter combination serve as an effective }}
radiating element in the calculation. hf
3.3.2  EIRP |
ﬁ-
Traditionallyv, effective isotropic radiated power is the inpu F power ¥
which, if radiated isotropically, would provide the same power density at the ;

receiver or scattering target as the monolithic array. Of course, the mono-
lithic arvay is an active system and may experience power saturation if driven
too heavily. Since EIRP expresses at the system level the maximum deliverable
power density from the array, we will use EILRP to express the radiated power
density when some stage of amplification within the array is driven to maximum
power output. This maximum power is limited either by the maximum permissible
junction temperature or the maximum achievable output power from the array.

We will compute these maximum amplifier output powers from which we can deter-
mine the necessary amplifier and array RF drive power to achieve the saturation
condition, This maximum array input power when multiplied by the array gain
provides our expression from waximum EIRF. Limits imposed on the output power
from each amplifier will be discussed in the section on design constraints.

It is assumed that each amplifier section maintains power gain at its maximum
output power condition.

3.3.3 Efficiency

Overall DC to RF efficiency of the monolithic array is important when the
cost of generating power is significant as in the space environment. Further,
the total power dissipated in the array may be significant when the ability to
carry waste power from the array is limired or when there are limitations on
the total system ability to dissipate powcer. Finally, the proportions of dis-
sipated power from DC and RF sources are important since it is likely that the .
cost of generating millimeter power is higher that the cost of generating
regulated DC power.

- -
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An important design criterion is the overall DC to RF efficiency of the
monolithic array. For the monolithic array illustrated in Figure 1, the
efficiency n 1is expressed as

P
N & ——,
PI. + PDC
where Py = output power at receive aperture AR at range R,
P; = input RF power to the array,
and Ppc = DC power into the array,

0f course, the output power at the receiver can be expressed as

PiG

A
R
AnRZ

so that from (3)

Go P G, 1

ﬂ='2ARﬂa >
4R P[ + PDC 4nR

L}

ARna -
L+ Ppe/Pg

Thus, the DC to RF efficiency is proportional to two efficiency factors, the
traditional RF aperture efficiency ny and a DC to RF efficiency associated
with the active components in the array. The DC power efficiency can be ex-
pressed in terms of the amplifier power added efficiency (1) as

1 1
= )
@ 1 + PDC/Pl 1 + Gs(l - 1/G5)
Lnadd
. where L is the loss to the subarray amplifier,
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These efficiency factors will be computed for the array model given in
the previous section., The proportions of total power dissipated from DC and
RF sources will be noted as well,

3.4 Constraints

Practical constraints on achieving maximum performance arise from limits
on the achievable power from the active amplifiers in the array, the DC waste
power diss